Although visible evidence shows that erosion has damaged many archaeological sites, especially when tilled, there has hitherto been scant attention to its quantitative assessment. Accordingly, the archaeology communities lack insight into whether longterm threats to the stability and integrity of soils at these sites allow these cultural repositories to be preserved for future human generations. Of the techniques that are available to measure erosion rates, few have been tested on the timescales needed. We selected three archaeological sites with high expected erosion rates. We combined optically stimulated luminescence (OSL) dating with analyses of radioactive fallout isotope distributions to assess erosion patterns and rates. An age-depth representation of OSL single-aliquot results was developed to determine past erosion, and to identify stable land surfaces on centennial to millennia timescales. Fall-out isotopes of cesium (Cs) and plutonium (Pu) were suitable for shorter timescales: The Cs demonstrated the weapons testing fallout origin of these isotopes in the~1952-1966 timeframe. Erosion rates in recent decades ranged from 2 to 6 mm/year on the studied sites. Our results indicate that erosion is not only tied to the past, but keeps on threatening archaeological sites.
that cause measureable degradation within a generation are relevant in the framework of archaeological heritage management.
Erosion is a well-known problem for archaeological sites, especially where arable farming takes place. Soil without vegetation is sensitive to erosion, while plowing levels off differences in relief and increases erosion intensity (e.g., Behm et al., 2011; Diez-Martín, 2010; Dreibrodt et al., 2013; Govers, Vandaele, Desmet, Poesen, & Bunte, 1994; Poesen et al., 1997; Quine, 1999; Quine et al., 1997; Wilkinson, Tyler, Davidson, & Grieve, 2006) . Various tests have been carried out, to characterize rates of this leveling and erosion, both on and outside archaeological sites (Alewell, Meusburger, Juretzko, Mabit, & Ketterer, 2014; An, Zheng, & Wang, 2014; Baartman, Temme, Schoorl, Braakhekke, & Veldkamp, 2012; Gaspar, Navas, Walling, Machín & Gómez-Arozamena, 2013; Olson et al., 2013; Schoorl, Boix Fayos, de Meijer, van der Graaf, & Veldkamp, 2004; Walling, Collins & Sichingabula, 2003; Wilkinson et al., 2006) . However, the results are ambiguous, partly because different timescales are used, or because of differences in calculation methods and estimated parameters used (Poreba & Bluszcz, 2008) .
To get a better grip on the rate of erosion on archaeological sites due to arable farming, three test locations were selected. These locations have suffered from significant erosion in the recent past, and therefore could be seen as worst-case scenarios. Moreover, relevant data about degradation and conservation was available on these sites as well. Two sites (Beek-Kelmond and Meerssen-Onderste Herkenberg) are located in the Limburg loess landscape, the third (Grote Houw) is an anthropogenic mound (Dutch: terp or wierde) in the northern coastal landscape. A range of methods and approaches were tested to identify past erosion, and to determine its rates. The results were reported (in Dutch) in three field reports (D. J. D. J. Huisman, van der Heiden, et al., 2017; D. J. Huisman, de Groot, de Kort, 2017 ). Of the methods tested, a comparison of LIDAR measurements from different dates resulted in no unequivocal evidence for erosion in the last 20 years:
Reason for this was that within this timeframe the effects of erosion that could be detected in these measurements were smaller than that of (a) biases introduced during data acquisition and (b) plowing-induced changes in surface micro-topography between acquisitions.
In the present publication, we combine the results from the three sites to discuss in more depth the results of two other approaches using optically stimulated luminescence (OSL) dating and anthropogenic fallout tracers to try and determine past and present erosional patterns and rates.
| Using OSL to derive soil re-distribution and mixing
Over the last two decades, the application of OSL dating has become a cornerstone in earth science and archaeology. Developments are continuing in the method itself as well as in the contexts in which it is applied. Such developments include single-grain dating, statistical methods to recognize and deal with incompletely bleached or mixed samples and the use of feldspar (instead of quartz) to extend the age range. A thorough recent overview, focused specifically on geoarchaeology, is given by Robert et al. (2015) . Dating colluvium layers with OSL of quartz sand grains is especially useful to assess to what extent sediment/soil redistribution has occurred (see e.g., Fuchs & Lang, 2009 for an overview on OSL of hillslope deposits). A potential complication is that not all quartz grains are equally exposed to sunlight during plowing and/or soil re-distribution. This heterogeneous bleaching typically results in skewed OSL age distributions where the leading edge typically provides the best age estimate of the last moment of disturbance. Moreover, the soil mixing activities of soil fauna (termed bioturbation) can transport quartz grains deeper into the profile and thus cause mixing of older and younger deposits also contributing to extra scatter in OSL age distributions (e.g., Bateman, Frederick, Jaiswal, & Singhvi, 2003; Reimann, Román-Sánchez, Vanwalleghem, & Wallinga, 2017) . Soil mixing and heterogeneous bleaching together, which can co-occur in many colluvial settings, could lead to complex OSL age distributions and thus hampers a straightforward geochronological interpretation of OSL age data.
In contrast, OSL age distributions potentially provide valuable information on earth-surface processes as the nature of withinsample variations manifested in OSL age distributions, especially when recorded on single-grain or close to single-grain level, will depend on the landscape position as well as on erosion/deposition and soil forming processes. We postulate the following patterns for different colluvial circumstances (see Figure 1 ).
1.
In sedimentary environments with little or no soil mixing, the homogenous material is deposited in thin layers. If the material is well-bleached, as for example, in aeolian deposits like loess, the layers are individually well-datable and with little within-sample age scatter. The entire sequence ideally exhibits a sequence that is steadily getting younger with decreasing depth. 
| 479
2. In a stable landscape position, the topsoil (A horizon) materialsubject to plowing and/or bioturbation which will continuously expose sand grains to sunlight-will be bleached relatively homogenously. The horizon immediately below the topsoil, however (B horizon), will only receive some recently bleached grains by bioturbation as bioturbation rates drop significantly with soil depth (e.g., Reimann et al., 2017) . As a result, this layer will contain quartz grains with a wide range of OSL ages, corresponding to the age range of landscape stabilization.
3. On eroding landscape positions, the part of the topsoil (A horizon) that remains after an erosion event will be immediately mixed with older, underlying deposits (B and C horizons) by plowing and bioturbation. As a result, th topsoil will yield a more pronounced scatter of OSL ages, with a truncation of the age-depth profile.
4. At some locations, (slow) sedimentation or colluviation occurs simultaneously with bioturbation. Here, freshly deposited sediment will be mixed with older sediments. Mixing of this material will continue until it is eventually buried, below the active bioturbation zone. This again results in a sequence of steadily younger OSL ages with decreasing soil depth, but with greater spread than in the genuine sedimentary sequence.
A prerequisite for using quartz OSL methods to derive earthsurface processes such as bioturbation, erosion, and deposition is that the analysis is carried out on (quasi) single-grain level to avoid signal averaging of grains with different sediment transport and/or mixing histories (e.g., Arnold & Roberts, 2009) . Quartz minerals from the North European plain typically show very low percentages (<5%) of luminescent quartz grains (e.g., Lüthgens, Böse, & Preusser, 2011; Reimann, Lindhorst, Thomson, Murray & Frechen 2012) ; that is the use of very small aliquots (with~30 grains) as a proxy for genuine single-grain measurements to disentangle different earth-surface processes is justified (Reimann, Lindhorst, Thomsen, Murray, & Frechen, 2012) . In this study, we aim to utilize the variation in very small aliquot OSL age distributions to inform on landscape stability and erosion/sedimentation processes. The rationale behind this is that different earth-surface process regimes are manifested in characteristic OSL age distributions of individual samples as well as OSL age-depth profiles. Chernobyl reactor in the form of non-volatile, micron-size "hot particles" of fuel. These hot particles became distributed in a more limited geographic zone, as discussed elsewhere (e.g., Ketterer, Hafer, & Mietelski, 2004; Mietelski & Was, 1995) . Recent work (Alewell et al., 2014; Alewell, Pitois, Meusburger, Ketterer, & Mabit, 2017) Pu inventories are modeled in terms of soil erosion or deposition rates, typically expressed in ton/ha/year (Ritchie & McHenry, 1990) . In the present study, however, due to the intense agriculture in the research areas, it is virtually impossible to find a location in the research areas where such stable conditions can reliably be assumed.
Various methods have been used to calculate erosion rates, employing differences in the concentrations of fallout isotope in soil profiles (An et al., 2014 , Gaspar, Navas, Walling, Machín, & Gómez Arozamena, 2013 Kachanoski, 1993; Quine, 1999; Quine et al., 1997; Ritchie & McHenry, 1990; Schoorl et al., 2004; Walling & Quine, 1990 , 1991 Wilkinson et al., 2006; Zhang, Higgitt & Walling, 1990; Zhang, Quine, & Walling, 1998 Assuming negligible leaching or bioturbation, topsoil erosion will result in a decrease in the total amount of tracers in a soil profile,
proportionally to the loss of relative topsoil thickness, that is, a decrease of 10% tracer content in a soil profile would correspond to a 10% reduction in topsoil thickness (e.g., 3 cm for a 30-cm topsoil).
However, we need to take into account soil cultivation during the period of erosion: If an erosion event resulted in a decrease in the thickness of the topsoil (and if all tracers are in the topsoil), the next round of plowing will incorporate fresh, tracer-free material from deeper in the profile into the plow layer. A next erosion event will remove fewer tracer-components from the profile, as some are now present are greater depth whereas the tracers are diluted with tracer-poor material from greater depths. As a result, a single erosion event of for example, 20% of the plow soil thickness will cause a greater loss of tracers in the soil profile than two 10% erosion events with a plow event in between. This makes the relationship between erosion and the decrease of tracers dependent on the intensity and frequency of erosion events, and of the frequency of plowing. Within these boundaries, erosion rates can be calculated with the formula (see also Figure 2 ).
where Tr 0 is the tracer content at start (this is estimated as average in the present study), Tr t the tracer content after t years of erosion (measured); D the plow depth (mm); t the time (years), n t the erosion occurrence per year, e the erosion (mm/event), E t the total erosion (mm) in time t; E the average erosion (mm/year). F I G U R E 2 Schematic representation of the theoretical relationship between the rates of erosion (E; erosion per year, and E t ; cumulative erosion in 50 years), and the relative change in tracer concentrations (Tr t /Tr 0 ) for different frequencies of erosion events between plowing (n t , where n t stands for number of erosion events in 50 years). The gray plane indicates the plow depth (in this calculation 30 cm)
Keeping in mind this limitation, overall erosion rates can be estimated from tracer concentrations by converting erosion per event(s) to the average erosion (mm/year, E). This is possible by inserting formulas e = (E t )/n t and E = E t /t (i.e., E = E × t/n t ):
If we want to calculate the average erosion rate from the measured tracers we need to convert this formula to: It is one of a group of LBK settlement sites in the region; one of the few that has not been damaged by construction work in the last decades, and the only one still remaining in situ that has evidence for a moat-like object (Brounen & Rensink, 2007) .
Archaeological remains have been recovered from the surface; soil features can be expected to depths of at least 1 m. 
Meerssen Onderste Herkenberg

| MATERIALS AND METHODS
| Fieldwork
The data from previous archaeological research using trenches (Beek-Kelmond and Meerssen) were combined with data from hand augering (not shown) to select sample locations. These lay basically on the top, halfway along the slope and at the toe of the 
| OSL analyses
The OSL samples were split into two subsamples: One subsample was prepared for the palaeodose, one was used for dose rate determination. For the sample tubes from Grote Houw the sediment at the ends of the PVC tube-material that may have been exposed to light -was taken for the dose rate measurements. To determine sample palaeodoses, and eventually age estimates, two age models were applied to the typically very broad and variations. Subsequently, the subsamples were placed in the ashing oven (500°C) to remove organic matter and to determine its content.
The water and organic matter content were added for each sample to obtain the soft-component attenuation factor (Madsen, Murray, Andersen, Pejrup, & Breuning-Madsen, 2005) . The dry dose rates (see below) were corrected for this soft-component attenuation using the procedure outlined in Aitken (1985) . The ashed sediment was ground before making 2 × 9 or 1 × 9 cm pucks of a mixture of 70% sediment and wax. Using a Canberra broad energy HPGe gamma spectrometer (Mirion Technologies (Canberra), Inc. Meriden, CT), the activity of series of isotopes within the U and Th decay chain and of 40 K was measured and converted into dose rate using the conversion factors described in Guérin, Mercier, and Adamiec (2011). The cosmic dose rate was thereafter calculated based on the geographic location of the sampling site (Prescott & Hutton, 1994) and information on the burial history. All environmental dose rate data are listed in Table 1 .
| Isotope analyses
137
Cs analysis was done with a MEDUSA Nal γ-ray detector (MEDUSA Exploration BV, Groningen, The Netherlands), after which the total activity of the nuclides was determined with a full spectrum analysis, following NVN 5695, now incorporated in the Dutch norm for radioactivity measurements (NVN 5666; NEN, 2009 U atom ratio = 137.88) as discussed elsewhere .
4 | RESULTS
| OSL age results
The results of the OSL SAR analyses are presented in age-depth plots for each site in Figures 4c, 5c , and 6c. For readability, the time axis is broken into several linear sections. We furthermore plot the bsMAM age (stabilization age) and with the FMM oldest age the age of the initial disturbance (see Section 3.2) with their 1-and 2-sigma errors-the data are also given in Table 2 . Table 2 ) show aliquot ages that range from medieval to modern.
| OSL age interpretation
Although some samples give a large range in different single-aliquot ages, at least some of them may result from signal averaging of However, the spatial variation in the environmental dose rate data (Table 1) The calculation of the erosion rates is given in Table 3 . Assuming erosion occurred within the investigated fields, and did not cross field boundaries, we used the average amount of fallout isotopes over all locations as t = 0 value to calculate erosion rates using Equation (3).
| Cs and Pu interpretation
The variation in erosion rates was determined by the confidence interval of the analyses (we took standard deviations for that) and by calculating the erosion rates for n t = 1 and n t = 50, that is assuming all erosion occurred in one event as well as assuming erosion occurred as yearly events. The results show that erosion is-as expected-strongest on the steepest parts of the slopes in Meerssen and Beek-Kelmond.
Average maximum erosion rates lie between 1.5 and 2 mm/year when 137
Cs is used, and between 2 and 6 when 239+240 Pu is used.
This may be simply due to variability within the method: Given a (OSL stabilization age~600 years). This suggest that some leaching has occurred. Moreover, it seems that Pu is less sensitive to leaching than Cs (e.g., see core 4 of Beek-Kelmond or WP5 in Grote Houw).
This would not only make Pu more advantageous as tracer for erosion studies because of its longer half-life, but also because of its lower sensitivity to leaching. Apart from these few overlaps, the two methods (fallout isotopes and OSL) provide mostly data on different timescales. 
| Fall-out isotopes results and modern erosion
The stratospheric fallout isotopes 137 Cs and 1986. The thickness of the (fallout bearing) plow layer is an important factor in the erosion calculation: After all, the total amount of fallout isotopes is calculated from layer thicknesses and concentrations. Still, we need the isotopes to confirm that these erosion processes occurred quite recently rather than centuries ago.
| Implications
The three investigated sites have different ages and formation histories and occur in two fundamentally different landscape types. What they have in common is that the archaeological remains probably occur at surface level to depths of at least 1 m; plus each site is threatened by ongoing soil erosion. If unchecked, this process will result in the redistribution of near-surface artifacts eventually destroying spatial context and the integrity of archaeological finds as well as the gradual taking up of more and more anthropogenic features into the plow layer.
The latter is the more damaging, as it irrevocably prohibits any future research or recording of these features and their relation with the artifact present in the site. The most effective way of preventing such damage is probably to stop plowing and turn the fields into grassland or similar permanent vegetation.
| CONCLUSIONS
On archaeological sites that are susceptible to erosion, depth plots of small single-aliquot OSL ages can be used to derive the taphonomical history of the site and to identify erosive, stable and accreting landscape elements. For more recent erosion processes, however, where annual to decadal dating resolution is required, incomplete bleaching and mixing of sediment in the plow layer prevent reliable dating of erosion events.
A combination of the fallout isotopes 
